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THE EFFECT OF ALLDYING ON THE MECHANICAL PROPERTIES 
OF NIOBIUM 

N.D.Tarasov, R.A.Ul*yanov and Ya.D.Mikhaylo* c- 
3 7 L  8 1  

Ekperimental s t u d i e s  on t h e  e f f e c t  of a l loy ing  i n  general  

and of a l loys  of niobium w i t h  B, La, S i ,  C r ,  Re, Z r ,  Ir 

and o t h e r  elements i n  p a r t i c u l a r  on t h e  nechanical properc 

t i es  of t h e  a l l o y  a t  high temperatures (up t o  l30@C) a r e  

given, with tabula ted  and p lo t t ed  data. 

obium i n  t h e  region of s o l i d  so lu t ions  increases  t h e  ten- 

s i l e  s t rength  and decreases t h e  p l a s t i c i t y  a t  room tempe- 

ra ture .  

niobium a l loys  with C r ,  Re, Z r  and Ir. 

concentration of t h e  s o l i d  so lu t ions ,  Young's modulus 

and t h e  high-temperature t e n s i l e  s t r eng th  inc rease  fu r the r .  

Alloying of n i -  

The maximum strengthening e f f e c t  i s  obtained i n  

With i nc reas ing  

I n  niobium-base a l l o y s ,  as i n  several  o t h e r  metals, high s t r eng th  can be 

obtained by e s t ab l i sh ing  submicroscopic s t r u c t u r a l  inhomogeneity. However, t h e  

strengthened s t a t e  a t t a i n e d  by heat treatment o r  thermomechanical treatment i s  

metastable and p e r s i s t s  f o r  pro t rac ted  times only i f  t h e  m o t i l i t y  of  t h e  atoms 

is  low. A t  high temperatures, r e c r y s t a l l i z a t i o n  and decomposition of t h e  s o l i d  

so lu t ions  t ake  place,  with segregation and coagulation of t h e  phases, ultimate- 

l y  l ead ing  t o  loss  of s t rength .  

displacement of atoms, t h e  p o t e n t i a l  l e v e l  of heat r e s i s t ance  i s  determined by 

Since these  processes t ake  p l ace  by d i f fus iona l  

* Kharkov I n s t i t u t e  of Technical Physics. 
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t h e  s t r eng th  of t h e  interatomic bonds i n  t h e  c r y s t a l s  of t h e  phases of which 

t h e  a l l o y  i s  composed. 

The main phase of an a l l o y  i s  a s o l i d  so lu t ion .  Increasing t h e  fo rces  of 

interatomic i n t e r a c t i o n  i n  t h e  base o f t h e  a l l o y  - a s o l i d  so lu t ion  - plays  an 

important p a r t  i n  increas ing  t h e  heat res i s tance ,  as has been shown by s tud ie s  

on a l l o y s  of i r o n ,  n i cke l  and t i t an ium (Bibl.1 - 4 ) .  

a l loy ing  on t h e  forces  of in te ra tomic  i n t e r a c t i o n  i s  the re fo re  of i n t e r e s t  f o r  

t h e  development of niobium a l l o y s  of complex composition. 

The study of t h e  e f f e c t  of 

The a l loy ing  elements s tud ied  were those  forming continuous s o l i d  solutiong 

with niobium a t  a l l  temperatures (W,  Mo, Ta) o r  s o l i d  so lu t ions  covering a very 

broad range of s o l u b i l i t y  (Ti,  Re, Pd, Zr, C r ,  Ir). 

concentration of t h e  a l loy ing  elements d id  no t  exceed t h e i r  s o l u b i l i t y  limit i n  

niobium. 

I n  t h e  l a t t e r  case, t h e  

The high-temperature s t r eng th  of a l loys  depends t o  a considerable extent 

I n  on t h e  s ta te  of t h e  grain boundaries, along which f a i l u r e  usua l ly  occurs. 

t h i s  connection it may prove very useful i n  multi-element a l loy ing  t o  use alloy- 

i n g  add i t ions  with horophil p roper t ies ,  and chemically a c t i v e  elements encourag- 

i n g  deoxidation. 

We inves t iga ted  B, S i ,  and L a  which are chemically a c t i v e  a l loy ing  addi- 

t i v e s  with a low s o l u b i l i t y  i n  niobium. The s o l u b i l i t y  of lanthanum i n  niobium 

does no t  exceed 0.05 wt .$  a t  room temperature (Bibl.5); t h e r e  i s  no information 

on t h e  s o l u b i l i t y  of boron and s i l i con ,  but we do know t h a t  t hese  elements, 

which d i f f e r  markedly from niobium i n  t h e  s i z e  of t h e i r  atoms, form narrow 

regions of i n t e r s t i t i a l  s o l i d  solutions i n  t h e  l a t t e r  (Bibl.6 - 7). 

The alloys were prepared i n  an a rc  furnace, i n  an argon atmosphere, f i rs t  

p u r i f i e d  by passage through molten l i t h i u m .  The charge consisted of commercial 

2 



niobium powder 98.7% pure, which was compressed i n t o  p e l l e t s  and then vacuum- 

re f ined  at a temperature c lose t o  t h e  melting point  (Bibl.8). Spectral  and che- 

mical analyses showed that a f t e r  such re f in ing  t h e  metal  was f r e e  from l e a d  and 

s i l i c o n  impuri t ies  and t h a t  t he  carbon content had been decreased t o  O.l$, 

t h e  oxygen content t o  O.OOl%, t h e  i r o n  t o  0.04% and t h e  hydrogen t o  0.0004%. 

& 

High-purity a l loy ing  elements were used. 

I I 1 i 1 ;  
I 

30 

I I I I I 1 1  

Content of a l l o y i n B  clement, w t - t  

Fig.1 Tensi le  Strength and P l a s t i c i t y  of Niobium 
Alloys P l o t t e d  against  Concentration of t h e  

Alloying Elements a t  Room Temperature 
(d = elongation) 

The a l loys  were remelted a t  least f i v e  times t o  secure uniform d i s t r ibu t ion  

of t h e  alloying elements i n  t h e  ingots. These ingo t s  were then ro l l ed  i n t o  rods 

on a vacuum r o l l i n g  mill a t  1100 - 1358C (Bibl.9). 

r e s idua l  work-hardening, t h e  specimens prepared from 

/+&hour vacuum anneal a t  l 4 O $ C  before t e s t i n g  t h e i r  

Our s tudies  showed t h a t  t h e  al loying of  niobium 
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so lu t ions  causes changes i n  i t s  propert ies  corresponding t o  t h e  general laws of 

a l loy ing  f o r  a l loys  w i t h  any base. 

t e n s i l e  s t rength  and t h e  decrease i n  p l a s t i c i t y ,  a t  equal concentrations,  de- 

The inc rease  i n  hardness (Bibl.10) and 

pend on t h e  chemical na ture  of t he  al loying element, defined by i t s  pos i t ion  i n  

the  pe r iod ic  t a b l e  and t h e  r a t i o  of the atomic diameters. 

that t h e  g rea t e s t  increase i n  s t rength of niobium a l loys  a t  room temperature i s  

Figure 1 indica tes  

produced by C r ,  Re, and T i  whose atomic diameters d i f f e r  g rea t ly  from t h a t  of 

niobium. Relat ively l i t t l e  strengthening e f f e c t  on niobium i s  manifested by W, 

Mo, and Ta whose physicochemical propert ies  resemble those of niobium and whose 

atomic diameters d i f f e r  l i t t l e  f rom that  of niobium. It should be noted that 

Mo, W, and Ta lower t h e  p l a s t i c i t y  of niobium only s l i g h t l y ,  while C r  and Z r ,  or) 

t h e  o t h e r  hand, lower it sharply. 

Interatomic in t e rac t ion  was studied i n  s o l i d  so lu t ions  of niobium by 

measuring t h e  modulus of e l a s t i c i t y  and ca lcu la t ing  i t s  temperature coef f ic ien t .  

The high-temperature measurements, including t h e  tens i le -s t rength  t e s t s ,  were 

made i n  vacuum under a r e s idua l  pressure of not over 1 x lO--"m Hg. 

The modulus of e l a s t i c i t y  was determined by t h e  reasonance method, from t h e  

f l e x u r a l  v ibra t ions  of cy l ind r i ca l  specimens. The specimens were heated i n  an 

unlined furnace. The modulus of elasticity was calculated by means of t h e  

formula 
E E 1.6388 . 10-8 

where 4, i s  t h e  length of t h e  specimen, i n  cm; f i s  t h e  na tu ra l  frequency of 

flexural v ibra t ions  of t h e  specimen, i n  cps; D i s  t h e  diameter of  t h e  specimen; 

and G t h e  weight, i n  gm. 

The specimens were 75 mm long and 7 mm i n  diameter; t h e  frequency of t h e  

v ib ra t ions  was measured with an accuracy t o  within 0.2%. 

The temperature coef f ic ien t  was ca lcu la ted  from t h e  Koster-Frantsevich 
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formula (Bibl.11, 12):  

where E i s  t h e  modulus of e l a s t i c i t y  of t h e  a l loy ,  d i t s  spec i f i c  gravi ty ,  

and t h e  mean atomic weight. 

An inves t iga t ion  of t h e  e l a s t i c  constants showed t h a t ,  a t  room temperature, 

t h e  modulus of  e l a s t i c i t y  of niobium is  10,800 kg/mrr2, which i s  i n  s a t i s f a c t o r y  

agreement with data  given elsewhere (Bibl.13 - 15) .  Alloying of niobium w i t h  

Fig.2 Modulus of E l a s t i c i t y  E and Temperature Co- 
e f f i c i e n t  63 as a Function of t h e  Alloy Composition 

chromium, rhenium, tungsten,  molybdenum, tantalum, i r idium, o r  palladium in- 

creases  the  modulus of e l a s t i c i t y  a t  room temperature (Fig.2). Titanium some- 

what decreases it. Alloying elements a c t  similarly on t h e  temperature charac- 

t e r i s t i c .  

t r a t i o n  of t h e  a l loy ing  element. 

bium found by us i s  lower than t h a t  found by Frantsevich (E3iblOl2), probably 

owing t o  a d i f fe rence  i n  p u r i t y  o f  the metals used. 

The increase  i n  these  values i s  grea te r ,  t h e  higher t h e  concen- & 
The temperature c h a r a c t e r i s t i c  f o r  pure nio- 
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EFFECT OF TE”EMTURE ON TH% MODULUS OF ELASTICITY 
OF NIOBIUM-BASE ALLOYS 

1.091 
1.li2 
1.232 
1 . 1 . 5  
1.155 
1.168 

- ’ Modulus of Elast ic i ty ,  E * Io-6kn/cm2, e t  Temperatures (oc) 
Allov GmDosi t ionI-  , 

1.097 
1.186 
1.233 
1.152 
1.156 
1.175 

’ w t . %  

1.082 
1 l:$G 
l . l! l l  

I .  138 
i .118  

1.143 
1.19G 
1.126 
1.210 
1.133 
I .  140 
I .074 
1.0~14 

N b  
Kb+S.0  Mo 
K l l +  10.0 .\lo 
K b + 5 . 0  l a  
Kb+lO.O Ta 
Nb+5.O W 
N b f l O . 0  W 
K b + P . O R c  
Nb+S.ORc 
N b t 1 . 5 5  Cr 
N b  h2.3 Cr 
Nb+3.83  Ti 
N b c 7 . 6  Ti 
N h + 0 . 5  I r  
Nb+2.0 Ir  
h‘b+O. 3 Pd 
Nb+2.17 Pd 
Nb+O.J La 
N b + 0 . 5 5  La 
Sb+O.  i7B 
Nh+O. 238 
N S t O . 3 2  Si 
h’b+0.5 Si 

1.085 
].!‘I9 
I.2iO 

I .  145 
1.12.1 

1.153 
1.201 
1.127 
1.213 
1.135 
I .  142 
1.073 
1.042 

- - 
500 1 700 

I 

I . I . 1 1  
1 ,076 
1.042 

1.173 
1.116 

1.118 

1.158 
1.07tj 
1.037 

l.!80 
1.!13 

I .  116 

900 1 I100 
~ 

I .  io8 
1 .?I3 
1.233 
1. IS2 
I .  150 
I .  17.5 
I .225 
1.136 
I .225 
1.13.; 
I .  I38 
1.076 
1.032 
1.112 
1. I80 
1.110 
I .  130 
I .  123 
I .G36 
I .  162 

On increasing t h e  temperature t o  l3&C, t h e  modulus of e l a s t i c i t y ,  both 

f o r  pure niobium and f o r  most of i t s  a l loys ,  w i l l  increase  s l i g h t l y  ( see  Table), 

Fig.3 Mechanical Propert ies  of Alloys as a Function 
. of t h e  Composition, a t  a Temperature of l l O @ C  

Figure 3 shows t h a t  a l loying of niobium w i t h  chromium, rhenium, zirconium, 

molybdenum, tungsten,  ir idium, and tantalum w i l l  increase  t h e  t e n s i l e  s t rength  
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of t h e  a l l o y s  a th igh tempera tu res  as well ,  whereas Ti and Pd s l i g h t l y  inc rease  

t h e  s t r eng th  a t  11O$C.  It i s  c h a r a c t e r i s t i c  t h a t  C r ,  Ir, and Pd a t  low con- 

cen t r a t ions  should inc rease  t h e  elongation a t  l l O 8 C .  The da ta  on high-tempe- 

r a t u r e  t e n s i l e  s t r eng th  a r e  i n  s a t i s f a c t o r y  agreement with Begley (Bib1.16). 

The r e s u l t s  show t h a t  a l loy ing  elements such as C r ,  Re, Mo, W, and Z r  a r e  

very use fu l  f o r  niobium a l loys ,  a l l  t h e  more so s ince  most of them, when they  

e n t e r  

17)  and thus  help t o  increase  t h e  creep res i s tance ,  while C r  and Mo, i n  addi- 

t i o n  t o  t h i s ,  appreciably enhance t h e  heat r e s i s t ance  (Bibl.18 -21). 

i n t o  s o l i d  so lu t ion ,  increase t h e  r e c r y s t a l l i z a t i o n  temperature (Bibl. 

O f  course, t h e  s t r eng th  of t h e  interatomic bond i n  s o l i d  so lu t ions  does 

not  completely determine t h e  heat r e s i s t ance  of niobium-base a l loys ,  a state- 

ment t h a t  holds t r u e  a l s o  f o r  a l loys  with any o ther  base. This would r equ i r e  

f a c t o r s  t o  r e t a rd  t h e  propagation of p l a s t i c  deformation (formation of heat- 

r e s i s t a n t  chemical compounds and t h e i r  r a t i o n a l  d i s t r i b u t i o n  within t h e  a l l o y ,  

s t rengthening  of t h e  gra in  boundaries, e tc . ) ,  which can be a t t a i n e d  i n  multi- 

element alloying. However, t h e  strengthening of t h e  in te ra tomic  bond i n  t h e  

c r y s t a l  l a t t i c e  of s o l i d  so lu t ions  of niobium, confirmed by t h e  increase  i n  t h e  

modulus of e l a s t i c i t y  and i n  t h e  temperature coe f f i c i en t ,  as wel l  as t h e  de- 

c rease  i n  t h e  c o e f f i c i e n t s  of  thennal expansion (Bib1.22), e s t a b l i s h  t h e  pre- 

r e q u i s i t e s  f o r  increas ing  t h e  temperature l e v e l  of heat r e s i s t ance  of t hese  al- 

l o y s  

Figure Ir shows t h e  dependence of t h e  physico-mechanical p rope r t i e s  of 

heterogeneous a l l o y s  of niobium w i t h  boron, s i l i c o n ,  and lanthanum on t h e  con- 

t e n t  of these  elements. 

and t e n s i l e  s t rength  a t  room temperature, a t  t h e  inves t iga t ed  concentrations,  

i s  produced by boron, but t h e  p l a s t i c i t y  dec l ines  appreciably. 

The grea tes t  i nc rease  i n  t h e  modulus of e l a s t i c i t y  
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The g r e a t e s t  i nc rease  i n  s t rength  a t  l l O C f C  i s  l ikewise  observed i n  /7L4 

boron a l l o y s ,  evidently owing t o  t h e  formation of r e f r ac to ry  borides. 

imparts only a s l i g h t  i nc rease  i n  s t rength  a t  room temperature and a t  l l O C f C ,  

accompanied by an appreciable decrease i n  p l a s t i c i t y .  

S i l i con  

Fig.& Mechanical Proper t ies  of Alloys of Niobium 
with Boron, Lanthanum, and S i l i con  as a 

Function of  t h e  Content of t hese  Metals 
( 6 = elongation; $ = reduction i n  a r e a )  

Lanthanum increases  t h e  t e n s i l e  s t r eng th  and modulus of e l a s t i c i t y  a t  

room temperature only up t o  concentrations of about 0.3 wt.$; with a f u r t h e r  

i nc rease  i n  concentration t h e  s t rength  dec l ines ,  apparently owing t o  t h e  poorer 

mechanical p rope r t i e s  of t h e  second phase. 

CONCLUSIONS 

1. The a l loy ing  of niobium i n  the  region of s o l i d  so lu t ions  increases  t h e  

t e n s i l e  s t r e n g t h  and decreases t h e  p l a s t i c i t y  of t he  a l loys  a t  room tempera- 

t u r e ,  according t o  t h e  general  laws of strengthening of s o l i d  so lu t ions ;  t h e  

most e f f e c t i v e  strengthening e f f e c t  on niobium i s  produced by C r ,  Re, Z r ,  and 

I r  which d i f f e r  s i g n i f i c a n t l y  from niobium i n  atomic diameter. 

2. With increas ing  concentration of t h e  s o l i d  so lu t ions  of niobium with 

8 



tantalum, tungsten, rhenium, mlybdenum, and iridium, t h e  modulus of e l a s t i c i t y  

a t  room temperature and a t  high temperatures increases  toge ther  with t h e  tempe- 

r a t u r e  coef f ic ien t  and t h e  high-temperature t e n s i l e  s t rength ,  while t h e  coeff i -  

c i en t  of thermal expansion decreases, i nd ica t ing  an increase  i n  t h e  forces  of 

interatomic action. 

3. I n  niobium a l l o y s  of  heterogeneous s t ruc tu re ,  t h e  physico-mechanical 

p rope r t i e s  a r e  determined by t h e  strengthening of t h e  s o l i d  solut ion and by t h e  

p rope r t i e s  of t h e  second phase. 

and s i l i c o n ,  t h e  g rea t e s t  strengthening i s  caused by boron. 

Among niobium a l loys  with boron, lanthanum, 
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